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Molecular chaperones are commonly identiﬁed by their ability to suppress heat-induced protein
aggregation. The muscle-speciﬁc molecular chaperone UNC-45B is known to be involved in myosin
folding and is trafﬁcked to the sarcomeres A-band during thermal stress. Here, we identify temper-
ature-dependent structural changes in the UCS chaperone domain of UNC-45B that occur within a
physiologically relevant heat-shock range. We show that distinct changes to the armadillo repeat
protein topology result in exposure of hydrophobic patches, and increased ﬂexibility of the mole-
cule. These rearrangements suggest the existence of a novel thermosensor within the chaperone
domain of UNC-45B. We propose that these changes may function to suppress aggregation under
stress by allowing binding to a wide variety of aggregation prone loops on its client.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
UNC-45B is a canonical member of the UCS (UNC-45, Cro1,
She4p) family of proteins with homologues throughout the meta-
zoa and fungi [1,2]. The absence or reduction of UNC-45 results
in a range of defects, including malformation of the heart in Mus
musculus [3], motility defects in Caenorhabditis elegans [4] and
myoﬁbril defects in Danio rerio [5]. The precise function of the pro-
tein has been well established as a molecular chaperone [2,6–8]
assisting the folding and refolding of myosin. It has also been sug-
gested to serve as a scaffold in the sarcomere [9] and also is neces-
sary for proper function of other client proteins namely the
transcription factor GATA4 [3] and the progesterone receptor [10].
The UNC-45B protein is made up of 3 domains, the UCS, central
and TPR domains (Fig. 1a). The function of the TPR domain has
been established as interaction with the Hsp90 chaperone system
of which it may also be an activator [11–13]. The function of the
central domain is enigmatic, but the UCS domain has been identi-ﬁed to interact with the myosin head and is able to partially rescue
the uncoordinated phenotype in C. elegans [14].
UCS proteins are associated with several diverse myosin fami-
lies, notably the processive myosin V [15], the single headed myo-
sin I [15] as well as the classical myosin II [2,6]. During
development in D. rerio the chaperone protein is found in the A-
band of the sarcomere and in the mature sarcomere it becomes
sequestered by the Z-lines [16]. This is in contrast to its role in
yeast where UCS proteins are essential cofactors for myosin activ-
ity [17,18]. However after development, in D. rerio sarcomeres dur-
ing heat and chemical shock the UNC-45B protein departs the Z-
line and is shuttled to the A-band (Fig. 1b) [16]. While this is in full
agreement with its role as a molecular chaperone, the molecular
mechanism of this shuttling behavior is unclear. Such a molecular
mechanism would likely feature a change in the afﬁnity of the Z-
line-UNC-45B interaction, myosin-UNC-45B interaction or both.
Structurally, the UCS proteins are characterized by a conserved
armadillo repeat motif [9,19,20]. These armadillo repeats consist of
3 alpha helices with an average of 42 amino acids with diverse
sequences, but highly conserved structures (Fig. 1a). These helices
arrange in a superhelical structure deﬁning a protein binding
groove [21]. As armadillo repeats are known to bind a wide variety
of substrates, intrinsic ﬂexibility of the motif may be essential to
this property [22]. Intrinsic ﬂexibility is not conﬁned to the
Fig. 1. The UCS domain is the chaperone component of UNC-45B. (A) The UCS chaperone domain of the muscle speciﬁc molecular chaperone UNC-45B is made of tandem
repeats of armadillo repeats consisting of 3 alpha helices. The X-ray crystal structure of UCS domain from C. elegans UNC-45 [9] (PDB accession code 4i2z) is shown. The
puriﬁed UCS protein has a molecular mass of 46kDa as conﬁrmed by SDS PAGE gel. (B) During biosynthesis UNC-45 aids in thick ﬁlament assembly, and then localizes to the
Z-line in mature muscle. Under heat shock treatment it shuttles to the A-band to protect myosin from thermal aggregation that would damage the thick ﬁlaments.
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noid protein class such as HEAT repeats. There, simulations have
demonstrated ﬂexibility within the hydrophobic core which is
noted to resemble the behavior of a molten globule [23]. The arma-
dillo repeats throughout proteins are not identical; indeed the
repeats diverge signiﬁcantly giving C- and N- terminal caps that
serve to protect the hydrophobic core. Mutation of these capping
repeats allowed modiﬁcation of the thermal and chemical denatur-
ant sensitivity of the protein [24].
An important factor in the activity of UNC-45B is trafﬁcking
between A-band and Z-line upon heat or chemical stress [25]. A
mechanism for the reaction to heat has been demonstrated for
the small heat shock protein Hsp26. This chaperone possesses a
thermosensor domain which undergoes structural rearrangement
with temperature increases. Hydrophobic moieties become
exposed to solvent under warmer conditions, allowing oligomeri-
zation and chaperone activity to occur, shown by solution biophys-
ics and cryo-electron microscopy studies [26,27]. A similar
mechanism has been elucidated for Hsp22 using circular dichroism
and intrinsic ﬂuorescence approaches. However, in this case a
broad melting pattern occurs with the majority of the secondary
structure being converted to intrinsically disordered regions [28].
Partial disorder in molecular chaperones is not exclusive to a
thermosensor based mechanism. Indeed, it has also been noted
in the redox sensitive chaperone Hsp33. In that system oxidation
of disulﬁde bonds generates intrinsically disordered regions that
allow detection and binding to folding intermediates of the client
proteins. When the chaperone transitions back to a folded state
the client is then released, providing a mechanism for the non-
ATP-dependent chaperones [29].
Here we propose that the UCS domain of UNC-45B, which has
been suggested to bear the molecular chaperone component
[14,30], acts as a thermosensor. We show that there is an array
of changes to the structure of the protein which results in
increased solvent exposure of hydrophobic regions.
2. Materials and methods
2.1. Protein expression and puriﬁcation
The UCS domain of UNC-45B from Homo sapiens was codon
optimized for expression in Escherichia coli, synthesized (GenScript,Piscataway, NJ) and subcloned into a pET-28 vector (EMD Milli-
pore, Billerica, MA). Residues 500–944 were selected to encompass
the entire UCS domain. This was transformed into in BL-21(DE3)
competent cells (Life Technologies, Carlsbad, CA), cultured and
then induced with 1 mM IPTG for 18 h at 14 C. Cells were lysed
by sonication in PBS, pH 7.4, with 0.5 M NaCl, 1 mM TCEP, 1 mM
PMSF, 20 mM imidazole and a protease inhibitor cocktail (Roche,
Mannheim, Germany). Clariﬁed lysate was applied to HisTrap col-
umn (GE Healthcare) washed and eluted with a gradient from 20 to
500 mM over 20 column volumes.
2.2. ANS ﬂuorescence
1 lM UCS domain was mixed and allowed to equilibrate with
10 lM 8-anilino-1-naphthalenesulfonic acid (ANS). This was then
heated slowly at 1 K/min in a quartz cuvette in a Fluorolog ﬂuores-
cence spectrometer (Horiba Jobin Yvon, Kyoto, Japan) equipped
with a 40W temperature controller (Wavelength Electronics,
Bozeman, MT). We excited the samples at 370 nm and collected
emission spectra from 400 to 600 nm at various temperatures.
Control experiments with 10 lM ANS in buffer only were heated
and the signals subtracted to provide corrected spectra.
2.3. Circular dichroism
The far UV CD spectra of the UNC-45B constructs were recorded
on a Jasco J-815 Spectrometer. The protein concentration was 1 lM
in 30 mM phosphate buffer pH 7.4, 100 mM KCl, 1 mM MgCl2,
1 mM TCEP buffer. A 0.1 cm path length cuvette was used. We
heated the cuvette at 1 K/min and recorded the ellipticity at
222 nm at each temperature.
2.4. Limited pulsed proteolysis
Equimolar concentrations (1 lM) of L-1-Tosylamide-2-phenyl-
ethyl chloromethyl ketone (TPCK) treated trypsin (Worthington
Biochemicals, Lakewood, NJ) and puriﬁed UCS domain were rapidly
mixed and incubated at the temperatures indicated in the ﬁgures
for 1 min [31]. These were then rapidly quenched by mixing with
SDS–PAGE sample buffer and boiling for 5 min. Samples were then
analyzed by SDS–PAGE and stained with Coomassie blue. Scanned
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Bethesda, MD).
2.5. Limited proteolysis and mass spectroscopy
Dilute trypsin (10 nM) was incubated with puriﬁed UCS domain
and aliquots were removed at appropriate time intervals indicated
in Supplemental Fig. 1. These were rapidly quenched with SDS–
PAGE sample buffer and boiled for 10 min. These were analyzed
by SDS–PAGE, stained with Coomassie blue and imaged. Indicated
sections of the gel around identiﬁable and repeatable bands were
removed and analyzed by MALDI-TOF-TOF mass spectroscopy
using an Applied Biosystems 4700 Proteomics Analyzer (Life Tech-
nologies, Carlsbad, CA). Peptides identiﬁed as signiﬁcant by Mascot
with a P value < 0.05 were used to analyze the content of the
bands. Likely digest sites were then estimated from this MS data
and the availability of trypsin digestible sequences in loops as
judged from available crystal structures and MD simulations.
Higher resolution gel images were produced using a tricine gel sys-
tem [32] and silver stained.
2.6. Molecular dynamics simulations
Molecular dynamics simulation were performed using NAMD
(v. 2.9) [33] with CHARMM22 force-ﬁelds. We used the crystal
structure 4i2z.pdb [9] and removed all hydrogens and then added
back all hydrogens using VMD [34]. The protein was then solvated
using VMD. The density of the water was then adjusted to match
experimentally determined values at 498 K by adjusting the vol-
ume of the simulated box [35–37]. The simulations were carried
out using Particle Mesh Ewald calculations for long range electro-
statics with a cut off of 12 Å. A 2 fs time step was used, storing
snapshots every 10 ps. The solvent was minimized using the gradi-
ent conjugate algorithm for 1000 steps, followed by simulation for
1000 steps and then another 1000 steps of minimization. The pro-
tein only and then the whole system were minimized for 1000
cycles each [35]. The velocities of the particles were then initialized
from the Maxwell–Boltzmann distribution, readjusting velocities
until a steady temperature of 500 K had been reached. The simula-
tion was run in a NVT ensemble. Figures were created using Pymol
[38].
2.7. Intrinsic ﬂuorescence
1 lMUCS protein in PBS, pH 7.4 with 1 mM DTT was placed in a
quartz cuvette in a Fluorolog ﬂuorescence spectrometer. The pro-
tein was excited at 275 nm and the emission spectra from 300–
600 nm were recorded while the temperature was raised at 1 K/
min. Background spectra from only the buffer were recorded and
subtracted at each temperature.
3. Results
3.1. Buried, hydrophobic regions are exposed at physiologically
relevant heat shock temperatures
At present, the localization of the client binding site within the
UCS domain is unknown. Recent attempts have been made to iden-
tify this site by computational docking simulations [39] and by
examination of the structurally homologous protein beta-catenin
whose client peptides are well known [9]. As other investigators
have recently shown that thermal or chemical stress can cause
structural rearrangements of chaperone proteins [26,27,40], we
decided to test whether this was the case with the UCS domain
of the human UNC-45B chaperone.We puriﬁed this fragment to homogeneity, (Fig. 1a) and used
the extrinsic ﬂuorophore 8-anilino-1-naphthalenesulfonic acid
(ANS) to probe changes in the protein surface. We added 10 lM
ANS to 1 lMUCS domain and mixed until a stable ﬂuorescence sig-
nal was obtained at various temperatures. Our results showed that
increases in temperature gave a large increase in the observed ANS
ﬂuorescence (Fig. 2a). Compared to room temperature the ﬂuores-
cence intensity at 37 C was increased by a factor of 3; increasing
the temperature to 41.5 C gave a nearly order of magnitude
increase in quantum yield compared to room temperature. Control
experiments with ANS only in matching buffer conditions showed
no change in signal with temperature increases. These changes in
the quantum yield of ANS are generally explained by the unveiling
of previously buried hydrophobic regions.
We investigated the relation of the ﬂuorescent signal as a func-
tion of temperature. Using the same quantities of UCS domain and
ANS we increased the temperature at 1 K/min, measuring the com-
plete ﬂuorescence spectra at various intervals (Fig. 2b). Strikingly,
this showed a highly cooperative change in the protein structure
that is precisely aligned with the physiologically relevant heat
shock temperature in human muscle [41]. This large change in
the ﬂuorescence was observed in a sharp interval between 35 C
and 41.5 C with the mid-point of the switch located at 39.5 C.
These data indicate that small excursions in temperature above
the physiological norm result in dramatic structural changes in
the chaperone domain.
3.2. Trypsin digestion conﬁrms exposure of hidden loops to the solvent
in physiological conditions
Classically, trypsin digestion has been used to identify exposed
surface loops in many proteins. Here, we applied a modiﬁed ver-
sion of this technique [31], using equimolar trypsin to cleave puri-
ﬁed UCS domain. As we performed this experiment at different
temperatures, we used an overwhelming excess of trypsin com-
pared to standard digests. Thus, the variations in turnover rate
with temperature of the trypsin enzyme became irrelevant. There-
fore, in our experiment the only factor determining the cleavage
pattern is the protease accessibility of unstructured loops.
At lower temperatures, 20–25 C, there is minimal digestion of
the UCS domain (Fig. 3a). A sharp increase in the digestion rate
occurs at 30 C and by 37.5 C a plateau is reached. These data indi-
cate that loops not accessible at lower temperatures become acces-
sible within the physiological temperature range. These dynamic
changes show that the crystal structure does not provide a com-
plete picture of the active conformation of the molecular
chaperone.
3.3. Heat-shock sensitive structural changes in the UCS chaperone
preserve the secondary structure
The crystal structure of UCS homologues have been solved in
several organisms [9,19,20]. However, the crystal structure does
not allow an appreciation of the dynamics of the protein in solu-
tion. As our ANS ﬂuorescence and trypsin digestion susceptibility
data already suggest signiﬁcant structural changes in the UCS
domain with temperature, we asked whether these were due to
changes in the secondary or tertiary structures. To address this
we used far UV circular dichroism spectroscopy. These experi-
ments allow further characterization of the changes in the protein
structure at physiologically relevant temperatures.
As shown in Fig. 4a the far-UV CD spectrum obtained at 30 C or
40 C for the UCS domain is typical for alpha-helical proteins,
showing a minimum at 208 and 222 nm, which is consistent with
the available crystal structure data that show that it is composed
almost entirely of armadillo repeats [9,20,19].
Fig. 3. Temperature increases reveal trypsin cleavage sites within the UCS domain.
(a) Limited pulsed proteolysis with equimolar quantities of trypsin and UCS mixed
at the speciﬁed temperature for 1 min, and quenched by the addition of SDS–PAGE
sample buffer and boiled for 5 min then analyzed by SDS–PAGE. (b) Plot of the
percentage digested UCS domain as a function of the temperature.
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residue ellipticity at 222 nm we observed that there were no sig-
niﬁcant changes in the secondary structural content in the physio-
logical temperature range (Fig. 4a and b). Indeed no signiﬁcant loss
of alpha helical content was observed below 43 C. This suggests
that the structural changes observed in Figs. 2 and 3 are due to
changes in the tertiary structure of the chaperone protein.
The thermal denaturation curve for the UCS domain (Fig. 4b)
shows a cooperative transition with a Tm of 46 C. In the CD-spectra
obtained at 50 C the secondary structure of the protein is almost
completely lost (Fig. 4a). The Tm for armadillo repeat containing
proteins depends on the number of repeats [24,42]; for example,
alpha-importin has 10 repeats and a Tm of 43 C whereas beta-
catenin has 12 repeats and a Tm of 58 C.
We further investigated temperature-induced structural
changes in the UCS domain by tryptophan ﬂuorescence. The UCS
domain has three Trp residues, W783, W823 and W863. We used
the intrinsic ﬂuorescence Trp residues to monitor conformational
transitions of the UCS domain as a function of the temperature.
We found that the relative Trp ﬂuorescence signal shows a
decrease of as the temperature was raised (Supplementary Fig. 2)
indicating a change from a hydrophobic environment to one of
aqueous solvent. We also noted a characteristic red shift of the
emission peak when exposed to the solvent (data not shown).
3.4. Mass spectroscopy analysis reveals the approximate topology of
the active conformation of the molecular chaperone
To better understand the precise structural changes of the UCS
domain that occur with temperature increases in solution, we per-
formed limited proteolysis with a low concentration of trypsin and
monitored the progress of the digestion with time. Initial digest
products began to appear after 1 min of trypsin incubation at
37 C (Supplementary Fig. 1). The initial product had a mass of
approximately 37kDa and was followed by additional products
after 10 min. These additional products had masses of 24, 18 and
14kDa. Further, higher resolution gel images showed that the
14kDa product was a pair of fragments. To identify these frag-Fig. 2. ANS ﬂuorescence monitoring shows unmasking of cryptic hydrophobic binding s
presence of UCS domain at 25 C (ﬁlled circles), 37 C (open circles) and 41,5 C (ﬁlled tria
change in ﬂuorescence signal with temperature increases. (b) Plot of the ANS ﬂuorescen
experimental data. The estimated changes in enthalpy and entropy before and after the c
of 3 independent experiments are shown.ments, we utilized MALDI-TOF-TOF mass spectrometry. This
allowed us to identify the constituents of these fragments and elu-
cidate the structural changes in the molecule.
We identiﬁed 5 distinct and signiﬁcant (Mascott, Matrix Sci-
ence, Boston, MA) peptide markers within the 37kDa fragment
(Fig. 5). This allowed us to deduce a likely cleavage site between
the 10H3 and 11H1 helices of the UCS domain. This correlates well
with a mobile loop with minimal electron density conserved in the
UNC-45 structures of C. elegans and D. melanogaster which further
proved susceptible to trypsin digestion in Drosophila [9,20].ites in the UCS domain of UNC-45B. (a) Fluorescence emission spectra of ANS in the
ngles). Control experiments with ANS only in matching buffer conditions showed no
t signal as a function of temperature. The solid line represents a ﬁt of Eq. (1) to the
ooperative transition are 130 kcal mol1 and 410 cal mol1 K1. Data representative
Fig. 4. CD Spectrum of the UCS domain and its thermostability. (a) Overall secondary structure determined by Far-UV circular dichroism at different temperatures, 30 C
(black ﬁlled circles), 40 C (open circles) and 50 C (open triangles). At temperatures below 43 C the UCS domain exhibits typical alpha-helix (69%) secondary structure with
minima at 209 and 222 nm; at 50 C the a-helical structure is lost. (b) Thermal denaturation curve for the UCS domain shows a cooperative transition with a Tm of 46 C. The
UCS domain (1 lM) was heated at 60 K/h and changes in the mean residue ellipticity at 222 nm were measured by CD. The solid line represents a ﬁt of Eq. (2) to the
experimental data. The estimated changes in enthalpy and entropy before and after the cooperative transition are 130 kcal mol1 and 385 cal mol1 K1.
Fig. 5. Limited trypsin proteolysis analyzed by SDS PAGE and mass spectroscopy (MALDI-TOF-TOF) demonstrates that multiple trypsin susceptible sites become available on
the UCS chaperone domain at higher temperatures. Peptides deemed signiﬁcant by Mascot (Matrix Science, Boston MA) are shown along with the approximate molecular
weight of the product band from SDS–PAGE. Digest sites were approximated from mass spectroscopy, product size and constrained by protein surface availability estimated
from the known X-ray crystal structure of UNC-45 from C. elegans (4i2z).
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peptide markers, molecular weights and in silico digests con-
strained by the protein surface availability on a homologous crystal
structure. This allows us to suggest further cleavage sites between
the 11H2 and 11H3 helices that yielded the 24kDa product (Fig. 5).
Continuing with the remaining 18 and 14kDa bands we suggest
cleavage sites between 13H2–13H3, 13H3–14H1 and 16H1–
16H2. These analyses allow us suggest speciﬁc changes in the
topology of the molecular chaperone identifying speciﬁcally acces-
sible loops exposed by temperature changes.
3.5. Molecular dynamics simulations show a thermodynamically
stable hydrophobic core with mobile capping regions
To gain a better understanding of the dynamic changes occur-
ring in the protein we selected a molecular dynamic simulation
approach. It has been shown that high temperature melting simu-lations (500 K) are reﬂective of unfolding dynamics at lower tem-
peratures [35]. Hence we used a 500 K simulation to partially
unfold the UCS domain in a computationally manageable time
interval.
We analyzed the ﬁrst 500 ps of the unfolding trajectory since
we were interested in changes in the protein early in unfolding
reﬂecting the active state of the protein while acting as a chap-
erone at 43 C. We found the expected high level of mobility in
the 10H3–11H1 region (Fig. 6) in excellent agreement with mass
spectrometry data (Fig. 5) and previous studies in Drosophila
[20]. Intriguingly we also noted signiﬁcant levels of mobility in
both terminal regions with a very stable central region. Studies
on other armadillo repeat proteins have identiﬁed a thermody-
namically stable core region and ﬂexible, thermodynami-
cally unstable capping regions [23]. Our results are in
remarkable agreement with this thermodynamically unstable
capping model.
Fig. 6. Flexible loops allow mobility of C- and N- terminal helices while preserving helix integrity. Molecular dynamics simulations show a high level of mobility in the 10H3–
11H1 region and signiﬁcant levels of mobility in both terminal regions with a very stable central region. The two images show the same structure rotated by 90 degrees for
ease of viewing.
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UNC-45B is essential to the development of muscle and to the
heat shock response that occurs as temperatures are increased.
This may occur during exposure to physical extremes, extreme
exercise or febrile illness. The denaturation of myosin would
require signiﬁcant resources to correct: proteasomal degradation,
as well as production and assembly of new thick ﬁlaments. As such
molecular chaperones are essential to maintenance of precisely
arranged semi-crystalline sarcomeres.
4.1. Thermosensor properties of the UCS domain
Based on the data presented, we identify critical structural
changes in the UCS chaperone domain as a function of tempera-
ture. Speciﬁcally, the secondary structure of the UCS domain
remains completely intact while the tertiary structure undergoes
rearrangements. We noted that the chemical environment of the
tryptophan residues changes markedly with temperature, with
these residues becoming more exposed to solvent. Signiﬁcantly,
these changes occurred within the physiological temperature
range, no higher than 41.5 C. In this temperature range, there
were, however, no signiﬁcant changes in the alpha helical content
measured by hMRE at 222 nm.4.2. Thermodynamic analysis of the structural rearrangements in the
UCS domain
Our data indicate existence of two structural changes occurring
within the UCS domain with increasing temperatures. We analyzed
the thermodynamic characteristics of the structural changes that
govern the transitions from the closed to open conformations
(Fig. 2b) and from open to the denatured state (Fig. 4b) of the
UCS domain. We estimated the changes in enthalpy (DH) and
entropy (DS) associated with the structural rearrangements of
the UCS domain observed in the ANS ﬂuorescence, DFobs, experi-
ments using Eq. (1) (see derivation in Supporting Materials):
DFobs ¼ 11þ expðDH þ TDS=RTÞ
þ DFmax expðDH þ TDS=RTÞ1þ expðDH þ TDS=RTÞ
 
ð1ÞThe solid line in Fig. 2b corresponds to a ﬁt of Eq. (1) to the
experimental data yielding an estimated DH of 130 kcal/mol and
a change in entropy of DS = 410 cal/mol/K.
We also estimated the thermodynamic parameters that charac-
terize the UCS domain denaturation analyzed by the observed
change in mean residue ellipticity, DEobs, using Eq. (2) (see deriva-
tion in Supporting Materials):
DEobs¼ 11þexpðDHþTDS=RTÞþDEmax
expðDHþTDS=RTÞ
1þexpðDHþTDS=RTÞ
 
ð2Þ
The solid line in Fig. 4b corresponds to a ﬁt of Eq. (2) to the
experimental data yielding an estimated DH of 130 kcal/mol and
a change in entropy of DS = 385 cal/mol/K. Similar values have
been reported for temperature dependent transitions in similar
sized proteins, and similar melting points have been shown in
other armadillo repeat proteins [24].
4.3. Exposure of hydrophobic patches may relate temperature and
chaperone behavior
Alongside these structural changes we were also able to mea-
sure changes in the surface hydrophobicity using an ANS ﬂuores-
cent probe. Interestingly, there was a near order of magnitude
increase in quantum yield of the ﬂuorophore as the protein tem-
perature was elevated. Interestingly, the temperature of this tran-
sition is found precisely between 37.5 C and 40 C, which is the
precise range that would constitute a realistic heat shock in the ori-
ginal organism, Homo sapiens. The increase in yield is associated
with increases in surface exposed hydrophobic residues and can
also be indicative of a protein entering a molten globule state.
It is well known that trypsin can only digest peptides in solvent
accessible and unstructured regions. Our experiments showed
more digestion sites became available with increasing tempera-
ture. These changes in the unstructured loops that link the alpha
helices suggest a novel temperature dependent ﬂexibility not
described by the crystal structure.
Our results are likely of great functional importance as ﬂexibil-
ity and exposure of hydrophobic patches would allow the accom-
modation of a diverse array of client protein unfolding-
intermediate loops within the chaperone binding groove (Fig. 7).
During the denaturation of a complicated molecular motor such
as myosin, it is very likely that numerous hydrophobic loops would
Fig. 7. Possible mechanism for the function of the UCS chaperone domain of UNC-
45B under physiologically relevant heat shock range. The chaperone UNC-45B is
involved in myosin folding and associates with thick ﬁlaments in response to heat
stress. The UCS chaperone domain of UNC-45B is found to undergo signiﬁcant
structural changes in response to temperatures in the physiological range.
Previously buried hydrophobic moieties are exposed in the UCS domain in response
to heat stress. These changes would allow the now activated chaperone to perform
its function on the partially denatured myosin head. In the absence of the UCS
domain myosin readily denatures and aggregates.
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rapid aggregation without a molecular chaperone to bind this vari-
ety of exposed loops and suppress this aggregation.
We propose that the concealment of these hydrophobic patches
at normal temperatures may be essential to function. Continuous
presentation of these regions could lead to inappropriate binding
of non-client proteins.4.4. Characterization of molecular topology during heat stress
In addition to characterizing bulk changes in the chaperone
molecule, we further investigated the precise changes in topologi-
cal arrangement of the protein. We used a combination of limited
proteolysis mass spectroscopy and molecular dynamics simula-
tions. These data indicate that ﬂexible loops become accessible at
higher temperatures, allowing proteolytic cleavage. We suggest
the location of the precise available loops by identifying peptides
using MALDI-TOF-TOF found in digest fragments isolated by SDS
PAGE. Loops made available for cleavage only by temperature were
identiﬁed at 10H3–11H1, 11H2–11H3, 13H2–13H3, 13H3–14H1
and 16H1–16H2. These suggested cleavage sites based on mass
spectroscopy correlate well with molecular dynamics simulations
showing high ﬂexibility of these loops early in the simulated melt-
ing process. Indeed some of these residues had RMSDs of position
of greater than 10–12 Å.
Further the MD simulations show that the armadillo repeats
of the hydrophobic core are remarkably stable with RMSDs less
than 2 Å, however ARM repeats in near the N and C termini have
remarkably high RMSDs with temperature. This indicates a lower
thermal stability of the capping regions, concurring with the
established literature [23,24]. The high ﬂexibility of these repeats
would allow binding to a wide variety of protein clients. In the
case of myosin, a variety of aggregation prone loops exposed
by heating could be protected by the molecular chaperone. These
characteristics of the structure of the UCS family of chaperones
makes these ideal for suppressing aggregation in complex molec-
ular motors.4.5. Mechanism for the function of the UCS family of molecular
chaperones
Under relatively cool conditions, the UCS domain is a well
behaved supercoil of armadillo repeats with very limited ﬂexibil-
ity, as has been well described in crystal structures [9,19,20]. How-
ever the chaperone activity in a fully developed organism does not
occur under normal conditions, but under thermal or chemical
stress. With thermal stress, marked conformational changes occur
in the molecular chaperone exposing previously buried hydropho-
bic binding sites and increasing the molecular ﬂexibility. These
changes would allow the now activated chaperone to perform its
function. It is notable that the UCS family is able to suppress aggre-
gation at 43 C, but show no binding with the myosin client at 4 C.
Exposure of hydrophobic patches allows binding to thermally
unstable loops and increased ﬂexibility allows a wide variety of cli-
ent sequences to be accommodated.
At present few clients of the UCS family have been identiﬁed,
however they are structurally diverse, including the globular
motor proteins and the intrinsically disordered progesterone
receptor. We suggest that given the dramatic changes in the ﬂexi-
bility and topology of the molecule, that other clients may well
exist in the cell, but would only be revealed under heat shock
conditions.
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